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ABSTRACT: The new type of ring-imaging Cherenkov detector technology called DIRC (an ac-
ronym for Detection of Internally Reflected Cherenkov Light) has been used successfully for
hadronic particle identification in the BABAR experiment at the B Factory (PEP-II) located at the
SLAC National Accelerator Laboratory. This paper describes the R&D for and the construction of
the DIRC radiator bars and the performance of the DIRC during more than eight years of B Factory
operation.
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The Particle Identification (PID) system used in BABAR [1] between 1999 and 2008 was a new kind
of ring-imaging Cherenkov detector called the DIRC [2] (the acronym DIRC stands for Detection
of Internally Reflected Cherenkov light). It was designed to provide excellent p /K separation for
all tracks from B-meson decays from the pion Cherenkov threshold up to 4.2 GeV/c. During more
than 8 years of operation the DIRC has proven to be robust, stable, and easy to operate [3]. The
PANDA experiment at FAIR [4] plans to build a barrel DIRC detector [5] which is in many ways
similar to the BABAR DIRC. This paper will discuss topics of relevance to the PANDA DIRC such
as design and fabrication issues of the BABAR DIRC system as well as the operational and physics
performance. Note that space limitations prevent much of the descriptive material presented in the
talk from being included in this write-up.
2 Design
The DIRC principle, design, construction, and performance are described in detail in ref. [3].
Briefly, the DIRC uses 4.9 m long, rectangular bars made from synthetic fused silica as Cherenkov
radiator and light guide. A charged particle with velocity v, traversing the fused silica radiator
with index of refraction n (∼ 1.473), generates a cone of Cherenkov photons of half-angle q C
with respect to the particle direction, where cos q C = 1/b n (b = v/c, c = velocity of light). For
particles with b ≈ 1, some photons always lie within the total internal reflection limit, and are
transported efficiently to either one or both ends of the bar, depending on the particle incident an-
gle. Since the bar has a rectangular cross section and is made to optical precision, the magnitude
of the Cherenkov angle is conserved during the reflection at the radiator surfaces. The photons are
imaged via “pin-hole” through a standoff region filled with 6000 litres of purified water onto an
array of 10752 densely packed photomultiplier tubes placed at a distance of about 1.2 m from the
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Figure 1. Schematic drawing of a bar box showing the active region, mirror end and window end (left) and
of a DIRC radiator bar in side and top view (right).
bar end. Imaging in the BABAR DIRC occurs in three dimensions, by recording the location and the
time at which a given PMT is hit. The expected single photon Cherenkov angle resolution is about
9 mrad, dominated by a geometric term that is due to the sizes of bars, PMTs and the expansion
region, and a chromatic term from the photon production. The accuracy of the time measurement
is limited by the intrinsic 1.5 ns transit time spread of the PMTs.
3 Development and construction
The primary requirements in the selection of the raw material for the DIRC radiators were radiation
hardness, attenuation length, small chromatic dispersion, and the ability to allow an excellent op-
tical finish. A number of candidate materials, including acrylic plastic and several types of natural
and synthetic fused silica, were considered and subjected to a series of tests, described in detail in
reference [6]. Perhaps the most fundamental results were:
• Natural fused silica materials, when exposed to a radiation dose as low as 5–10 krad, suffer
from serious radiation damage, resulting in substantial transmission losses in the blue and
UV. All synthetic fused silica samples, however, were found to be sufficiently radiation hard
for BABAR.
• Some synthetic fused silica materials, made in the form of ingots, show periodic optical
inhomogeneities. This effect can be sufficiently large to make the DIRC inoperable.
Two synthetic materials made by TSL (called Spectrosil 2000 and Spectrosil B [7]) met or exceeded
all requirements and were chosen as the material for the DIRC bars, wedges and windows.
The DIRC radiators took the form of long, thin bars with a nominal rectangular cross section
(17.25mm×35.0mm). The individual 4.9 m-long units, referred to as “long-bars” during the pro-
duction process, were each made up of four shorter 1.225 m-long pieces, referred to as “short-bars”,
glued end-to-end. To each was attached a mirror on the forward end and a fused silica wedge on the
backward (readout) end, shown schematically in figure 1. The long-bars were placed in 12 hermeti-
cally sealed containers, called bar boxes, each of which holds 12 radiator bars for a total of 144 bars.
– 2 –
2009 JINST 4 P10004
The production tolerances for the DIRC radiator bars were defined primarily by the physics
performance goals of the DIRC system, specifically the Cherenkov angle resolution and the number
of signal photons per track. The single photon Cherenkov angle resolution, for instance, is limited
by such irreducible terms as size of PMTs, size of expansion region, and chromatic dispersion in
the radiator material. Non-flatness and non-squareness of the bars cause the true Cherenkov angle
to be smeared at every internal reflection. The magnitude of the resulting smearing term, and thus
a limit of acceptable non-flatness and non-squareness, was determined from simulation.
The DIRC radiator bars were produced by Boeing [8]. The fabrication procedure was quite
complex and was modified in a number of important ways as production proceeded and experience
was gained. Though the basic geometrical requirements on the surface figure are modest by optical
standards, the required combination of elements, taken together, is very challenging to maintain in
a production scale environment at modest cost. Some essential elements of good bars that provide
particular challenges are (1) sharp edges, (2) excellent surface polish (< 5 A˚ rms), and (3) good
side-to-face orthogonality (a goal of < 0.25 mrad). In general terms, to obtain these basic elements
in a production scale process, all large surfaces are ground on numerically controlled machines,
lapped on a soft iron wheel, and then pitch polished on a 4 meter planetary pitch polisher. To
avoid edge chips, all edges are processed either while protected by a neighboring bar, or with a
glass plate glued onto the finished surface of the bar temporarily. Constant attention to detail in
measurement and quality assurance (QA) is an essential element of the process. Full QA measure-
ments were made throughout the process, and production units were reprocessed if they failed the
specifications. Final QA measurement results are available for all the bars produced. The following
description highlights some of the basic methodology of the process used for the majority of the
bars, shown also schematically in figure 2.
The raw material was supplied by TSL in the form of ingots with approximate dimensions of
127 cm in length and 20 cm in diameter and an approximate weight of 90 kg. The ingots were sliced
into 2-bar planks (units 1.95cm×7.8cm×124 cm) using a band saw for the long dimension and a
chop saw for the ends [9]. The two large face surfaces (see figure 2a) of these planks then passed
through the surfacing process (grind, lap, and polish) described above. At the end of this process the
planks had two high quality parallel faces with excellent surface polish (< 5 A˚ rms). Four planks
were then held by fixtures and glued together using a heat setting wax. The surfaces of the outer two
planks were covered with glass planks for protection of the polished faces and edges. The two sides
of these 8 bar units passed through the surfacing process again (see figure 2b). Then, they were
sliced on a band saw, and the final side surface of each of the 4 bar sub-units produced was passed
through the surfacing process (see figure 2c). Great care was taken to maintain the required face-to-
face (side-to-side) parallelism and side-to-face orthogonality at each of these stages. At the end of
this stage, all of the long surfaces had been completed. Finally, eight of the 4 bar units were glued
into a 32 bar unit for the end processing (see figure 2d). The complete unit was ground to length
on a custom grinder, and then placed upright on an over-arm custom built lapping-and-polishing
machine to finish the ends to better than the required 2 nm rms surface finish. After disassembly,
and final QA, the bars were carefully cleaned, and packed in specially designed units for shipping.
A total of over 600 high quality fused silica bars were manufactured to our specifications (the DIRC
contains 576).
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Figure 2. Schematic drawing of the primary stages of the radiator production process. (Dimensions are not
to scale.)
4 Operational issues
Soon after the DIRC was fully commissioned in late 1999, it achieved performance close to that
expected from Monte Carlo simulation and ran efficiently and reliably until the end of B Factory
operations in April 2008. The system has been robust and stable, and, indeed, served also as a
background detector for PEP-II tuning. At the end of more than eight years of running, more than
98% of PMTs and electronic channels were still operating with nominal performance. Details of
the DIRC operational experience are described in ref. [3]. This section describes two issues: the
background in the DIRC and the PMT corrosion.
The background in the DIRC was dominated by low energy photons from the PEP-II machine
hitting the water-filled standoff box. The time-to-digital converter (TDC) chip used originally in
the DIRC data readout was designed such that a dead time of about 5% occurs at an input rate
of 250 kHz. Some care in machine tuning was required to stay under a limit of 250 kHz/tube.
To monitor that rate, one PMT in each sector was read out via a scaler. In early 2000, at a peak
luminosity value that corresponds to only one third of the design luminosity, the PMT rates reached
a level that caused noticeable dead times. Due to those findings, lead shielding was installed for the
DIRC. Since January 2001 an engineered, homogeneous lead shielding of 5cm to 8cm thickness
covered the inside radius of the standoff box. This shielding kept the scaler rates well below a level
of 300 kHz/tube even at luminosities that significantly exceeded the design luminosity.
During the shutdown that followed the 2001–2002 run, the TDCs were replaced with a faster
version with deeper buffering capable of accepting a 2.5 MHz input rate with less than 5% dead
time. Ultimately, PEP-II reached a peak luminosity of 12.07× 1033 cm−2sec−1, four times the
design value, without any dead time issues in the DIRC.
Some deterioration of the PMT front glass windows (made of B53 Borosilicate glass) that
were immersed in the ultra-pure water of the standoff box has been observed since 2000, as shown
in figure 3. With water in the standoff box, these features were much less noticeable as water
provides good optical coupling even to corroded glass. For most of the tubes, the observable effect
was typically a slight cloudiness, but for about 50 tubes, it was much more pronounced and led
– 4 –
2009 JINST 4 P10004
Figure 3. Example of PMT corrosion observed in October 1999, when the water was drained from the
standoff box.
to so-called frosty PMTs. Extensive R&D demonstrated that the effect was associated with a loss
of sodium and boron from the surface of the glass. For most tubes, the leaching rate was a few
microns per year, and was expected to be acceptable for the full projected ten year lifetime of the
experiment. However, for the ∼ 50 frosty tubes, the incorrect glass was used by the manufacturer.
That glass did not contain zinc, making it much more susceptible to rapid leaching. It was thought
that this leaching might eventually lead to either a loss of performance, or some risk of mechanical
failure of the face plates for these tubes. However, until the end of BABAR operations in 2008 no
such issues were observed.
Loss of photon detection efficiency can arise from this corrosion of PMT front glass windows
as well as from possible deterioration of the water transparency or pollution of bar or window
surfaces. Direct measurements of the number of Cherenkov photons observed in di-muon events
as a function of time can be used to determine any degradation of the photon yield. An analysis,
performed after about 5 years of running, using di-muon events from late 1999 through July 2004,
showed a photon loss rate of 1–2%/year. There was no significant dependence of the loss rate on
the radiator bar number, the position of track along the bar length, or the location of the Cherenkov
ring in the PMT plane.
The reason for the loss in photon yield was not fully understood. The observed PMT glass
corrosion may have contributed to the observed loss. While the number of frosty tubes is too small
to cause a significant effect, the slight cloudiness affects most PMTs and is a possible source for
part of the loss. R&D on photocathode aging, where DIRC PMT photocathodes were explosed to
extremely large doses of UV light, ruled this mechanism out as explanation for the photon loss.
Dynode aging, on the other hand, was one possible source as the DIRC PMTs have accumulated
at least 30–40 Coulombs per anode in the first five years of operation. ADC calibrations in 2003
showed a loss of the PMT gain that was consistent with expected dynode aging. However, the
lower PMT gain only accounted for about 30% of the observed loss in photon yield. Operationally,
the PMT gain was recovered in 2003 by raising the high-voltage of the DIRC PMTs by an average
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Figure 4. The difference between (a) the measured and expected Cherenkov angle for single photons, D q C,g ,
and (b) the measured and expected photon arrival time, for single muons in m + m − events.
of 43 V. Nevertheless, even though the deterioration continued until April 2008 at the rate of 1–
2%/year, the impact on the particle identification power of the DIRC was small. Even 10 years
of photon loss at this level caused the the p /K separation at 3.5 GeV/c momentum to go from 3.5
standard deviations to 3.2 standard deviations.
5 Results
K/p separation is essential for the physics program of BABAR. The DIRC plays a central role in
final state selection and B meson flavor tagging for CP measurements. This section provides an
overview of the physics performance. A more detailed discussion of the use of DIRC in BABAR
physics analyses can be found in ref. [3].






C,g /Ng + s 2track ,
where N
g
is the number of detected photoelectrons, s C,g is the single photon Cherenkov angle
resolution and s track is the uncertainty of the track direction in the DIRC. Figure 4 shows the single
photon angular resolution D q C,g obtained from di-muon events. There is a broad background of
less than 10% relative height under the peak that originates mostly from track-associated sources,
such as d rays, reflections off the glue-fused silica boundaries, and combinatorial background. The
width of the peak translates to a resolution of about 9.6 mrad, in good agreement with the expected
value. The measured time resolution, shown in figure 4, is 1.7 ns, close to the intrinsic 1.5 ns transit
time spread of the PMTs.
The average value of N
g
, shown in figure 5, varies between about a low of about 17 for tracks
with small forward angles of incidence to nearly 60 for polar angles towards the forward and back-
ward regions. The increase in the number of photons for tracks in the forward direction compen-
sates for the reduced average separation in the Cherenkov angle for different particle hypotheses
due to the increased track momenta in this region.
The Cherenkov angle resolution, s C,track, for tracks from di-muon events, e+e− → m + m −, is
shown in figure 5. The width assuming a single Gaussian distribution is 2.5 mrad. The resolution
is 14% larger than the design goal of 2.2 mrad, which was estimated from the extensive study of a
variety of prototypes, including a beam test.
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Figure 5. Number of detected photons versus track polar angle for reconstructed tracks in di-muon events
compared to Monte Carlo simulation (left). The mean number of photons in the simulation has been tuned to
match the data. Resolution of the reconstructed Cherenkov polar angle per track for di-muon events (right).
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Figure 6. DIRC p -K separation versus track momentum measured in D0 → K− p + decays selected kinemat-
ically from inclusive D∗ production.
The D∗+ → p +(D0 → K− p +) decay chain1 is well suited to probe the pion and kaon identifi-
cation capabilities of the DIRC. It is kinematically well constrained and the momentum spectrum
of the charged pions and kaons covers the range accessible by B meson decay products in BABAR.
The pion-kaon separation power is defined as the difference of the mean Cherenkov angles for
pions and kaons assuming a Gaussian-like distribution, divided by the measured track Cherenkov
angle resolution. As shown in figure 6, the separation between kaons and pions is about 4 s at
3 GeV/c declining to about 2.5 s at 4.2 GeV/c.
1Unless explicitly stated, charge conjugate decay modes are assumed throughout this section.
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6 Summary
The DIRC is a novel ring-imaging Cherenkov detector that has proven to be very well-matched to
the hadronic particle identification requirements of BABAR. The detector performance achieved was
excellent and close to that predicted by the Monte Carlo simulations. The DIRC was robust, stable,
and easy to operate and has played an important role in almost all BABAR physics publications. At
the end of operations in 2008, after more than eight years of colliding beam data taking, more than
98% of all PMTs and electronic channels were still operating with nominal performance.
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